Histidine decarboxylase (HDC) from Lactobacillus 30a produces histamine that is essential to counter waste acids, and to optimize cell growth. The HDC trimer is active at low pH and inactive at neutral to alkaline pH. We have solved the X-ray structure of HDC at pH 8 and revealed the novel mechanism of pH regulation. At high pH helix B is unwound, destroying the substrate binding pocket. At acid pH the helix is stabilized, partly through protonation of Asp198 and Asp53 on either side of the molecular interface, acting as a proton trap. In contrast to hemoglobin regulation, pH has a large effect on the tertiary structure of HDC monomers and relatively little or no effect on quaternary structure.
Introduction
Lactobacilli are lactic acid producing bacteria; they grow best at pH values between 5 and 6.5 but their metabolism can lower the environmental pH to about 4, where growth stops. In the presence of histidine, wild-type L. 30a strains synthesize and secrete histamine that counters the lowering of pH and allows denser growth than for mutant strains lacking histidine decarboxylase (HDC) activity. 1 The histamine is a product of a pH-regulated HDC which converts histidine to histamine and CO 2 . The product histamine is involved in an energy producing histidine/histamine antiport mechanism. 2 One proton is removed from the cytoplasm, raising the pH, and creating an electrostatic gradient that can be used for ATP synthesis. HDC is a vital component of this system, chemically sensing when pH and substrate levels require the decarboxylation of histidine.
The biochemical properties of HDC from L. 30a have been intensely studied by Snell and his co-workers. 3 HDC uses a covalently bound pyruvoyl moiety as an electron sink in the decarboxylation reaction. The pyruvate cofactor is formed as HDC undergoes an autoactivation serinolysis reaction in which an inactive chain of 310 amino acid residues is cleaved to produce an 81-residue b chain and a 228-residue a chain with the pyruvoyl group at its amino terminus. 4 The 2.5 A Ê X-ray structure of HDC has been solved at pH 4.8. 5, 6 HDC forms a cup-shaped trimer with a deep central cavity containing three active sites. Each active site is formed at the interface between two monomers of the trimer. Two trimers can form weak tail-to-tail interactions to form a hexamer, 7 but the hexamer is unlikely to have any catalytic signi®cance. Homologs of the L. 30a HDC exist as trimers and also exhibit the same kinetic patterns as the L. 30a enzyme. 8 The structure of HDC complexed with the inhibitor histidine methyl ester (HME) has been solved allowing for the identi®cation of potential active site residues. 9 The hdc gene has been moved to a high yield expression vector, 10 facilitating the investigation by site-directed mutagenesis of essentially all of the amino acid residues identi®ed as being mechanistically important. [11] [12] [13] [14] HDC has been shown to have greatly reduced activity at neutral or alkaline pH. This is largely a substrate binding effect in that the enzyme has a K m of 0.3 mM at pH 4.8 and 100 mM at pH 7.
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The X-ray model at pH 4.8 5, 6 represents the active form of HDC; here we present the structure of the less active form of HDC at pH 8 (HDC-8).
Results and Discussion
At pH 4.8, HDC crystallizes in space group I4 1 22 with the asymmetric unit being a trimer of 310 amino acid monomers. 5, 7 Two trimers, related by a crystallographic 2-fold, form a weak tail-to-tail hexamer. At pH 8, HDC crystallizes in space group R32, and the asymmetric unit was found to be a tail-to-tail dimer composed of two 310 amino acid monomers. This corresponds to one-third of the previously observed HDC hexamer unit with the crystallographic 3-fold relating the tail-to-tail dimers in the hexamer. Table 1 shows the crystallographic data summary for HDC-8. After 11 rounds of re®nement, the crystallographic working R-factor was 0.25 and the free R-factor was 0.31. The model deviates (rms) from standard bond lengths and angles by 0.012 A Ê and 3.027
, respectively. 87.4 % of residues lie in the favored and allowed regions of the Ramachandran plot. 1.4 % are in the generously allowed region and Gln22 and Asn69 are in the disallowed region. These residues are also in the disallowed region in the pH 4.8 structure and this suggests they are truly strained in the folding of the protein. 6 The overall fold of the pH 8 protein strongly resembles that of the pH 4.8, active, model. 6 The rms deviation among all visible C a s is 0.9 A Ê . The quaternary structure is also conserved. That is, the crystallographically related trimers of HDC-8 do not expand or contract radially from the molecular 3-fold axis seen in the pH 4.8 structure, nor do the subunits shear with respect to one another.
The only signi®cant difference in structure between the active pH 4.8 and the inactive HDC-8 forms is that residues 49 to 63 are disordered in HDC-8. What has been referred to as helix B in the active form contains residues 53 to 68. 6 In HDC-8, residues 64 to 68 maintain helical parameters, but helix B residues 53 to 63 are disordered and have no electron density. In addition, loop residues 49 to 52 are also disordered. There are no crystal packing contacts involving residues 49 to 64 in the pH 4.8 structure which could induce ordering.
Likewise, there are no packing contacts in the pH 8 structure which would cause the B helix and its preceding loop to disorder.
Figure 1(a) shows a 2.7 A Ê electron density map for a helical region (residues 281 to 288) of the re®ned protein structure. This region has no particular structural signi®cance, except that it is part of a protein surface helix of about the same size as the B helix. This Figure shows that the HDC-8 electron density map in other regions of the model is of high quality, that the molecular model can generally be ®t with con®dence, and the map would reveal the existence of any stable helix. As shown in Figure 1 (b), the absence of similar, or any, interpretable density for residues 49 to 63 indicates that they are truly disordered in HDC-8.
The role of helix B in substrate binding has been implicated in the observed binding of the substrate analog HME to wild-type HDC. 9 This is indicated in Figure 2 , which shows two monomers of an HDC trimer, viewed from the inside of the trimer. The interface between the two contains one active site contributed to by both monomers. In the trimer, two additional sites would be formed around the trimeric ring. Figure 2 shows the wild-type, active, form of HDC where the ordered loop and B helix (residues 49 to 64) of the right hand monomer are shown in black. The binding of HME is shown attached to the pyruvoyl group of the left hand monomer. It is clear that in the active form, helix B on one monomer can interact with the substrate formally sitting in the adjacent monomer. Figure 3 is a cartoon representation of an HDC active site region with key residues from the two contributing monomers identi®ed. The monomer on the left contains catalytic groups Glu197 and the pyruvoyl cofactor (Pyr82). The cofactor forms a Schiff base with the histidine substrate, shown in dark bonds, while E197 protonates the intermediate to facilitate decarboxylation. 11 The monomer on the right in the Figure forms the other half of the active site, concerned largely with substrate binding. In the active form, illustrated here, it contributes important substrate-binding residues that all lie on helix B. These key substrate binding residues include Ile59
H , Tyr62 H , and Asp63 H (the primes indicate that the residues lie on the second monomer). When the substrate analog HME binds to HDC, Ile59 H moves 1.5 A Ê and Tyr62 H rotates 30 to contact the substrate through a chain of hydrogen bonds. 9 It is also known that Asp63 H forms an ion pair with the substrate imidazolium; conversion to Asn (D63N) increases K m 240-fold. 13 The electron density map for the HDC-8 protein shows, however, that residues 49 to 63 are disordered and cannot be modeled. In Figure 3 , the labels R48
H and R64 H indicate the boundary of the disordered region. As a consequence of the disorder, none of the three substrate-binding residues discussed above has a de®ned position in HDC-8. It is clear that high pH disorders, or melts, the B helix and destroys one half of the active site. This in turn, accounts for the high K m and low activity observed at neutral to alkaline pH. 13 The mechanism of HDC activity regulation by pH is novel. To analyze the pH-dependent triggering of the mechanism, we can compare the active and inactive structures. The active, low pH, structure has short, strong, hydrogen bonds across the intermolecular interface between the side-chains of Asp198 of one monomer and Asp53
H of a neighboring monomer. 6 This interaction is indicated in Figure 3 .
It has been proposed that this hydrogen-bonding pair constitutes the major part of a pH regulating`p roton trap''. 14 Protonating the pair of carboxylates at low pH neutralizes their repulsive negative charges and allows them to form the observed hydrogen-bonded pair. The free energy difference between the disordered and ordered states of peptide segment 49
H -63 H must be small enough that the hydrogen bonds of the protonated 198 and 53 H residues can stabilize the ordered structure, including the B helix.
The role of Asp198 and Asp53 H in the pH regulation of activity is con®rmed by site-directed mutagenesis. Converting these two residues to asparagine abolishes the pH regulation of the enzyme.
14 Although the replacement amides of the double mutant should be able, in principle, to hydrogen bond to one another and form a version of the proton trap, the bonds between them may not be strong enough to fully anchor the protein in the active form. The double mutant has the same k cat as the wild-type enzyme but the apparent K m is increased 13-fold.
14 This is consistent with the notion that the substrate binding pocket of the double mutant is not perfectly formed and the B helix may be partially disordered.
The classic case of proton regulation of protein activity through pH-induced structural change is hemoglobin. Hemoglobin af®nity for oxygen is a function of pH as observed in the Bohr effect. The structural mechanism is sophisticated but has been broken down into several component parts. 16 For example, it is known that in the T (deoxy) state His146 of the b chain forms an ion pair with Asp94 and this helps stabilize the T state structure. At higher pH, His146 deprotonates, the ion pair is ruptured, and the structure is driven toward the R (oxy) state. In hemoglobin, the proton regulation works largely through small tertiary rearrange- The Structure of pH-inactived HDC ments that accumulate to trigger a large change in the quaternary structure. In the case of HDC, the effect of proton binding is dramatic at the tertiary structural level but the overall quaternary rearrangement for HDC is negligible.
Helix order/disorder transitions are part of the control of activity for the G factor, Gia1, triggered by phosphate interactions. 17 GTP binds to this protein to activate it. In the active form, ionic and hydrogen bonding interactions between the g-phosphate of GTP and the enzyme stabilize the a2 helix in the switch II region of the enzyme. The helix positions the key catalytic residue, Gln204, in the active site. Following GTP hydrolysis, the loss of the g-phosphate interactions causes the helix to disorder and the enzyme to be inactivated. As for HDC-8, electron density for the disordered helical region is lost, indicating that the region is truly disordered and does not take up a stable alternate conformation. Enzyme activity of the a-amylase from Bacillus licheniformis is also controlled by a disorder/order transition. 18 In this case, metal ions trigger the transition. The enzyme is synthesized as an inactive apoenzyme in which residues 182 to 192 are totally disordered and 193 to 199 are a-helical. When the apoenzyme is secreted, it binds Ca ions that unwind the short helix and stabilize the region into a new loop conformation. The loop orders all the previously disordered residues and forms part of the polysaccharide binding site, thereby activating the enzyme.
In the case of o-succinylbenzoate synthase from Escherichia coli, it is the substrate that triggers a disorder/order transition. 19 When substrate binds to the enzyme, ionic interactions with part of the disordered region help stabilize residues 114 to 126 to form an a-helix. This structure becomes part of the regular motif of a (ba) 8 barrel. The stabilizing of this helical segment brings a key residue, Lys133, into the active position for catalysis.
In summary, HDC is an enzyme that generates basic histamine to help control the acidi®cation of the lactic acid-producing Bacillus. The enzyme is active at acidic pH, where it has a functional active site, partially formed by helix B from a neighboring molecule. As HDC's histamine product accumulates, the elevated pH pulls protons from the Asp198/Asp53
H trap. This causes the B helix to dis- Figure 2 . The structure of HDC. Two HDC monomers are shown. The molecule on the left is shaded a light tone and that on the right is darker. The N and C termini are indicated as are residues 83 which bind the pyruvoyl cofactors and represent the amino terminus of the larger chain of each activated monomer. The position that would be occupied by the substrate analog HME is indicted in the left monomer. Helix B H of the right monomer, and the loop leading into it, are shaded black and the helix is labeled. The position for helix B shown is that seen in the low pH, active, enzyme but this helix is disordered in HDC-8. The Figure was generated using MOLSCRIPT. 26 Figure 3. The active site region of HDC. The active site is formed at the interface of two monomers. The monomer on the left provides the pyruvoyl cofactor and catalytic acid E197. The substrate histidine is shown, in dark bonds, in a Schiff base complex with the pyruvoyl moiety. The monomer on the right contributes residues from the B helix that create the substrate binding pocket in the low pH, active form. At neutral or alkaline pH the helix disorders; at pH 8 the X-ray structure shows residues between R48
H and R64 H are disordered.
order, destroying the substrate-binding site and shutting off the enzyme. There are structural models of proteins regulated by pH in other ways, and models of enzymes where helix order/ disorder controls activity in response to such effectors as phosphate, cations, or substrate. This appears to be the ®rst structural analysis in which pH is used to control enzyme activity through helical stabilization.
Materials and Methods
Protein was isolated as described by Copelad et al.
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Crystals were grown at room temperature by the hanging drop vapor diffusion method; drops contained 4 ml puri®ed histidine decarboxylase (12.5 mg/ml), 1 ml n-dodecyl-b-D-maltoside (Hampton research) and 5 ml precipitant solution from the well (25 % (w/v) PEG400, 8 % PEG4000, 0.1 M Tris (pH 8.0), 0.1 M sodium acetate). Crystals were transferred in a loop directly from the drop to liquid nitrogen and then placed in the coldstream on the goniostat. X-ray diffraction data were collected at À170 C using an MSC low temperature system, an RAXIS IV image plate detector and a Rigaku rotating anode X-ray generator operating at 50 kV and 100 mA. Data were collected in 40 minute exposures of 1.5 degree oscillations about the phi axis. The diffraction data were processed with the programs DENZO and SCALEPACK. 20 Molecular replacement (MR) methods were used to phase the data. The model used was a tail-to-tail dimer of monomers from the structure of wild-type HDC at pH 4.8 (PDB i.d. 1PYA); 6 rotation and translation searches and Patterson correlation re®nement were done using X-PLOR, and the initial model was re®ned using the slow cooling protocol of X-PLOR. 21 To facilitate manual rebuilding of the model, difference maps and LBEST-weighted 2F o À F c maps were prepared. 22 During re®nement, omit maps of the form (F o À F c )a calc were also calculated using X-PLOR. Further re®nement was done with REFMAC. 23 Model building was done on a Silicon Graphics Indy computer using O. 24 MAPMAN 25 was used to help position bound solvent molecules.
Protein Data Bank atomic coordinates
The coordinates have been deposited with the RCSB Protein Data Bank. The PDB i.d. code is 1HQ6.
